BACKGROUND: Metastatic colorectal cancer (mCRC) has low survival rates. We assessed if addition of veliparib, concurrent to FOLFIRI, improves survival in patients with previously untreated mCRC. METHODS: This study compared veliparib (200 mg BID for 7 days of each 14-day cycle) to placebo, each with FOLFIRI. Bevacizumab was allowed in both arms. The primary endpoint was progression-free survival (PFS). RESULTS: Patients were randomised to receive veliparib (n = 65) or placebo (n = 65) in combination with FOLFIRI. Median PFS was 12 vs 11 months (veliparib vs placebo) [HR = 0.94 (95% CI: 0.60, 1.48)]. Median OS was 25 vs 27 months [HR = 1.26 (95% CI: 0.74, 2.16)]. Response rate was 57% vs 62%. Median DOR was 11 vs 9 months [HR = 0.73 (95% CI: 0.38, 1.40)]. AEs with significantly higher frequency (p < 0.05) in the veliparib group were anaemia (39% vs 19%, p = 0.019) and neutropenia (66% vs 37%, p = 0.001) for common AEs (≥20%); neutropenia (59% vs 22%, p < 0.001) for common Grade 3/4 AEs (≥5%); none in serious AEs. Haematopoietic cytopenias were more common with veliparib (79% vs 52%, p = 0.003). Fourteen percent of patients on veliparib and 15% on placebo discontinued treatment due to AEs. CONCLUSION: Veliparib added to FOLFIRI ± bevacizumab demonstrated similar efficacy as FOLFIRI ± bevacizumab in frontline mCRC patients. No unexpected safety concerns occurred.
INTRODUCTION
Colorectal cancer is the third most common cancer in men and the second most common cancer in women.
1 Metastatic colorectal cancer is the second leading cause of cancer death in the United States 2 , and the 5-year survival rate for advanced colorectal cancer remains at only~11%. 3 The majority of patients faced with a diagnosis of metastatic colorectal cancer have either extensive liver disease or disease outside the liver, limiting their treatment options to chemotherapy. 4 Cancer develops drug resistance over the course of treatment, in part, due to increased levels of DNA repair. 5, 6 Current frontline therapy includes a combination of irinotecan/5-fluorouracil/leucovorin (FOLFIRI) with or without bevacizumab. [7] [8] [9] [10] [11] [12] [13] [14] While the introduction of each of these regimens has resulted in incremental increases in patient survival, 15 survival rates for patients with metastatic colorectal cancer remain low.
Veliparib is a potent, competitive poly (ADP-ribose) polymerase (PARP)-1/2 inhibitor that enhances the activity of topoisomerase I inhibitors, such as irinotecan, in preclinical models. [16] [17] [18] [19] [20] [21] Veliparib was shown to synergise irinotecan in killing of colon cancer cells in tissue culture. 22 Therefore, patients receiving cytotoxic chemotherapy including irinotecan may benefit from the addition of veliparib to their treatment. A phase 1, open-label dose escalation study (NCT01123876) evaluated the safety and tolerability of veliparib in combination with modified bimonthly FOLFIRI 23 demonstrated acceptable safety profile and preliminary antitumour activity of veliparib plus FOLFIRI. The phase 1 results support further evaluation of this combination in a phase 2 trial.
PATIENTS AND METHODS

Patients
Eligible patients were 18 years or older, with histologically or cytologically confirmed metastatic adenocarcinoma of the colon or rectum and had not received prior chemotherapy for their metastatic colorectal cancer. Patients had at least one unresectable lesion on a computed tomography scan that was measurable by Response Evaluation Criteria in Solid Tumours (RECIST), version www.nature.com/bjc 1.1, and had an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1 and adequate haematologic, renal and hepatic function. Patients receiving bevacizumab also had blood pressure well controlled (<160/90 mmHg) on a stable regimen of anti-hypertensive therapy for at least 2 weeks.
Patients were not eligible if they had prior anti-cancer treatment for metastatic colorectal cancer, prior PARP inhibitors, or adjuvant/ neoadjuvant chemotherapy within 1 year prior to Cycle 1 Day −2, or major surgery or prior radiotherapy within 1 month prior to Cycle 1 Day −2, or prior radiation to >25% of bone marrow. Patients were also excluded if they had known Gilbert's Syndrome, bowel disorders with diarrhoea of more than three times daily, or need of parenteral nutrition, or bowl obstruction/perforation, any clinically significant and uncontrolled medical condition(s), were pregnant or lactating, or were at an unacceptable high risk for toxicities. Patients receiving bevacizumab in this trial were not eligible if they had prior treatment with bevacizumab, known central nervous system metastases, significant history of bleeding events or gastrointestinal perforation, serious or non-healing wound, ulcer, or bone fracture, or history of venous or arterial thromboembolism within 2 months of enrolment.
This study was conducted in accordance with the protocol, International Conference on Harmonisation Good Clinical Practice guidelines, applicable regulations and guidelines governing clinical study conduct and the ethical principles that have their origin in the Declaration of Helsinki. The study protocol was independently approved by the ethics committees of each participating centre. All patients provided written informed consent before participation in the trial.
Study design and treatment
This randomised, phase 2 study was conducted at multiple sites globally (North America, Europe and Australia), and is registered at Clinicaltrials.gov, number NCT02305758. Patients were randomised to one of two treatment groups: veliparib plus FOLFIRI with or without bevacizumab, or placebo plus FOLFIRI with or without bevacizumab. Patients were stratified by the planned use of bevacizumab and world region, and randomisation was conducted to ensure at least 60 patients enrolled to both the planned and unplanned bevacizumab groups, for a planned sample size of 120 patients. The primary objective of the study was to assess whether the addition of oral veliparib to FOLFIRI improves progression-free survival (PFS) in patients with previously untreated mCRC.
Patients were randomised and dosed with veliparib/placebo on Cycle 1 Day −2. Sample size was chosen by a minimum of 70 PFS events to provide adequate precision in the hazard ratio estimate. Assuming median PFS (mPFS) time of 9.4 months in the FOLFIRI ± bevacizumab arm and 15.7 months in the veliparib plus FOLFIRI ± bevacizumab arm, based on a minimum of 70 PFS events, the expected 95% confidence interval for the estimated hazard ratio would be approximately 0.37-0.96.
One cycle of therapy was 14 days, from Day −2 through Day 12. Dosing of oral veliparib/placebo began 2 days prior to the start of FOLFIRI and continued twice a day (BID) for 7 consecutive days. At the discretion of the investigator, bevacizumab ( Safety and tolerability Safety analysis was conducted for all patients who received at least one dose of veliparib. Treatment-emergent adverse events and lab abnormalities were reported according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 4.0.
Statistical analyses
The primary endpoint was PFS, defined as the number of days from the date the patient was randomised to the date the patient experienced a disease progression event or to the date of death if disease progression was not reached. The distribution of PFS was estimated for each treatment group using Kaplan-Meier methodology. mPFS time was estimated and 95% confidence interval for the estimated mPFS time is presented for each treatment group. The Cox Proportional Hazard Model was used to estimate the hazard ratio and 95% confidence interval comparing the two treatment groups, stratified by planned bevacizumab use (planned use versus no planned use).
For overall survival (OS) analysis, time to death was defined as the number of days from the day the patient was randomised to the date of the patient's death. All events of death were included, regardless of whether the event occurred while the patient was still taking study drug, or after the patient discontinued study drug. If a patient has not died, then the data were censored at the date when the patient was last known to be alive. The distribution of OS was estimated for each treatment group using Kaplan-Meier methodology. Median survival time was estimated and 95% confidence interval for the estimated median survival time is presented for each treatment group. The Cox Proportional Hazard Model was used to estimate the hazard ratio and 95% confidence interval comparing the two treatment groups, stratified by planned bevacizumab use (planned use versus no planned use).
Objective response rate (CR and PR) was defined as the proportion of patients with a complete or partial objective response based on RECIST, version 1.1. Objective response rate was estimated and compared between the two treatment groups using a Cochran-Mantel-Haenszel test, stratified by the planned bevacizumab use. A 95% confidence interval was constructed for the estimated proportions.
The primary analysis data cut-off was 31 December 2016. This clinical trial was completed and the final data cut-off for analysis was 31 October 2017.
RESULTS
Patient characteristics
As of 31 October 2017, 130 patients were randomised to receive either veliparib (N = 65) or placebo (N = 65). Patient demographics and clinical characteristics are shown in Table 1 . Median age was 59 years in the veliparib group vs 64 years in the placebo group (p = 0.016 one-way ANOVA test). Other demographic characteristics were balanced across treatment groups. A majority of patients were White and about half of patients received bevacizumab.
The mean number of cycles of exposure to veliparib, fluorouracil, irinotecan, and bevacizumab were similar across both veliparib and placebo treatment groups (Supplemental Table S1 ) with mean exposure (± SD) of 16 ± 13 and 19 ± 13 cycles in veliparib and placebo arms, respectively. Fluorouracil bolus exposure was 7 ± 10 and 10 ± 11 cycles; fluorouracil infusion exposure was 16 (Fig.1b) . Using the reverse Kaplan-Meier method, the median follow-up time for the study is 23.8 months (95% CI: 22.6, 24. Objective response rate was 57% for the veliparib treatment group and 62% for the placebo group ( Table 2 ). The median duration of overall response was 11 vs 9 months for veliparib vs placebo, respectively [HR = 0.73 (95% CI: 0.38, 1.40)] at primary analysis. At final analysis, duration of overall response was numerically longer for patients treated with veliparib compared to placebo with 11 vs 9 months for veliparib vs placebo [HR = 0.75 (95% CI: 0.41, 1.40)] (Fig. 2) . Safety Overall, 123 of the 130 patients (95%) in the "as treated patients" analysis set experienced at least one adverse event during the study. The most common adverse events occurring in ≥20% of patients in either treatment group are presented in Supplemental  Table S2A . Common adverse events that had a statistically significant difference (p < 0.05) in frequency between veliparib and placebo treatment groups were anaemia (39% vs 19%, p = 0.019) and neutropenia (66% vs 37%, p = 0.001). Common adverse events that had a significantly higher frequency in the placebo treatment group were abdominal pain (19% vs 37%, p = 0.030), constipation (15% vs 32%, p = 0.039), mucosal inflammation (6% vs 22%, p = 0.020), and epistaxis (9% vs 26%, p = 0.020), as compared to the veliparib treatment group.
Common grade 3 or 4 adverse events occurring in ≥5% of patients for veliparib vs placebo treatment groups included neutropenia (59% vs 22%, p < 0.001), diarrhoea (17% vs 12%) and asthenia (9% vs 3%), but only neutropenia was significantly different between groups (Supplemental Table S2B ). Serious adverse events (for veliparib vs placebo treatment groups) included diarrhoea (14% vs 3%) and febrile neutropenia (5% vs 5%); however, none of the serious adverse events were significantly different (p < 0.05) between treatment groups (Supplemental Table S2C ). All grade haematopoietic cytopenias were more common with veliparib than placebo (79% vs 52%, p = 0.003).
Fourteen percent of patients in the veliparib arm and 15% in the placebo arm prematurely discontinued treatment due to adverse events. Two treatment-emergent grade 5 adverse events occurred in each treatment arm, due to cardiac arrest (two patients in placebo arm), cerebrovascular accident (one patient in veliparib arm) or acute kidney injury (one patient in veliparib arm). Adverse events of special interest in the veliparib treatment group included haematologic cytopenias (anaemia p = 0.019, and neutropenia p = 0.001), which were reported at a higher frequency in the veliparib treatment group compared to the placebo treatment group, with a statistically significant difference between the two groups. Adverse events of special interest considered serious that occurred with higher frequency in the veliparib treatment group were nausea, vomiting, haematopoietic cytopenias, haematopoietic leukopenia, neutropenia, and lymphopenia (no statistical difference observed between-treatment groups) (Supplemental Table S3 ).
DISCUSSION
This study was a randomised, blinded, placebo-controlled trial conducted at multiple centres around the globe to evaluate the efficacy and tolerability of the addition of veliparib to the standard-of-care regimen, FOLFIRI. Bevacizumab was allowed at the discretion of the investigator. The primary efficacy analysis was a comparison of PFS between veliparib and the placebo treatment groups. mPFS was 361 days (12 months) and 337 days (11 months), respectively, and the study did not show significant difference between the two treatment groups. There were no significant differences in the secondary or tertiary endpoints of OS, objective response rate, or duration of response. However, the duration of response was numerically longer in patients who achieved a response to veliparib treatment compared to placebo treatment, although this difference was not statistically significant. Nine patients in the placebo arm and eight patients in the veliparib arm had surgery for curative intent of metastatic disease and were expected to have similar effect on efficacy analysis. Reduction in tumour size after surgery was not counted in tumour response per RECIST 1.1. Treatment effect in subgroups was analysed. Addition of veliparib to FOLFIRI demonstrated similar efficacy as FOLFIRI regardless if bevacizumab was used or not. A trend to favour the veliparib treatment group in duration of response and PFS was observed in the ECOG = 0 subgroup and age≥65 years subgroup, although, none of these met statistical significance.
Significantly more patients treated with veliparib experienced all-grade adverse events of blood and lymphatic disorders compared to placebo-treated patients. Neutropenia was the only grade ≥3 adverse event that occurred with a higher frequency in the veliparib treatment group. Anaemia and neutropenia were the adverse events of special interest that occurred at higher frequency in the veliparib group. Serious adverse events were similar between treatment groups. Similar numbers of patients were discontinued, experienced dose delay, reduction and/or interruption of study treatment in both treatment groups. The most common adverse event that led to veliparib dose interruption or reduction was neutropenia.
Overall, the main class of adverse events that occurred at a higher frequency in veliparib group was haematologic toxicities. However, overall treatment tolerability was similar between the treatment groups, as represented by similar frequencies of serious adverse events and adverse events leading to treatment discontinuation between the two groups. The safety profile is consistent with the mechanism of action by veliparib where inhibition of PARP impedes the repair of DNA damage caused by FOLFIRI, and thus potentates the cytotoxicity by FOLFIRI. Pharmacodynamic evidence was not obtained in this study nor in our phase I study 23 , and the benefit of addition of veliparib to cytotoxic chemotherapy has thus far mainly been shown in preclinical models. The effect of veliparib on the repair of DNA damage induced by FOLFIRI or irinotecan is thought to be mediated by PARP inhibition. 24 Pommier and co-workers 25, 26, 20 have demonstrated that PARP1 is a key component driving DNA repair from topoisomerase I-induced damage, by coupling to the repair enzyme tyrosyl-DNA-phosphodiesterase 1 (TDP1). There are multiple hypotheses why addition of veliparib did not demonstrate enhanced efficacy in the current study. The dosing and, thus, the efficacy in the veliparib arm may be limited by tolerability. FOLFIRI itself may reach the maximal tolerated dose. Addition of veliparib potentiates the effect of FOLFIRI as supported by the increased incidence of haematological toxicities ( Table 3) . As the result, the average dosing cycles in the veliparib arm were shorter for all the drug components (Supplementary Table S1 ). In other words, the higher effect in each cycle is balanced out by the shorter treatment duration in the veliparib arm and the final efficacy was the same as the control arm. Another potential explanation is the dose of veliparib is not optimal to achieve the best balance between enhanced toxicity and efficacy.
Other PARP inhibitors have been combined with irinotecan in colorectal cancer, but with limited success as well. Olaparib combined with the active metabolite of irinotecan, SN-38, showed synergistic effect in colon cancer cells, by potentiating the doublestrand DNA breaks induced by SN-38. 27 However, a phase 1 study of olaparib with irinotecan in patients with colorectal cancer reported high toxicity concerns and no antitumour efficacy. 28 The current study has some limitations. A notable difference between the two treatment arms was that the median age of patients was significantly younger for veliparib vs placebo arms (59 vs 64 years, respectively; p = 0.016), with more patients aged under 65 years in the veliparib arm than patients over 65 years. The ECOG performance status was not significantly different between treatment arms, with the ECOG = 0 group comprising 40% versus 37% in the veliparib and placebo arms, respectively.
Other limitations of our study included the small sample size. While the 5-FU bolus was not expected to be important for efficacy by many physicians and skipping bolus in the veliparib arm was mainly for safety considerations, this is one limitation of the trial.
In conclusion, analysis of survival and response rate of this phase 2 study showed that addition of veliparib to FOLFIRI did not significantly improve overall treatment outcome. Consistent with the mechanism of action, veliparib added to FOLFIRI regimen significantly increased haematologic adverse events. Safety data were in alignment with previous combination therapy studies using veliparib, and no new safety concerns were observed.
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